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Abstract
In this work, the electrical properties of p-GeSn/n-Ge diodes are investigated in order to assess the impact of defects at
the interface between Ge and GeSn using temperature-dependent current-voltage and capacitance-voltage measurements.
These structures are made from GeSn epitaxial layers grown by CVD on Ge with in-situ doping by Boron. As results, an
average ideality factor of 1.2 has been determined and an activation energy comprised between 0.28 eV and 0.30 eV has
been extracted from the temperature dependence of the reverse-bias current. Based on the comparison with numerical
results obtained from device simulations, we explain this activation energy by the presence of traps located near the
GeSn/Ge interface.
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1. Introduction
Germanium-tin is a very promising semiconducting al-
loy with many attractive properties that are of interest for
various applications. One of them is a direct band-gap,
which is expected to occur for Sn concentrations around
10% in fully relaxed GeSn layers. This is therefore particu-
larly useful in view of developing integrated, Si-compatible,
photodiodes for long wavelength applications[1–3]. An-
other advantage of GeSn is the use as stressor or as strained
material, resulting from the lattice mismatch with Ge or
Si. It is therefore a good candidate as compressive source
and drain stressor in p-type Ge-channel metal oxide semi-
conductor field effect transistors (pMOSFETs)[4–7] or as
channel material[8, 9] within a postscaling approach[10].
Being a group-IV material is also an asset for the inte-
gration into current Si-based technologies, although the
successful incorporation of other alloys such as III-V com-
pounds on Si has already been demonstrated[11–14].
For such applications, however, few electrical investi-
gations of these materials have been reported. The effect
of defects at or near the interface between Ge and GeSn,
especially, is not completely characterized. To this per-
spective, diodes are very useful for the characterization of
future complete MOSFETs, as their process flows contain
many of the steps necessary to the fabrication of a full
MOSFET device. We therefore investigated the electrical
characteristics of GeSn/Ge diodes in view of assessing the
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influence of defects in such materials. We endeavoured
to determine their activation energy and calculated the
ideality factor of the diodes from current-voltage charac-
teristics. We also performed capacitance-voltage measure-
ments to determine the carrier concentration of the Ge




A 200 nm thick Boron doped p+ GeSn layer was grown
on top of a 4′′, 450µm thick, Ge substrate by chemical va-
por deposition (CVD) at 320◦C[15, 16]. Blanket n-doped
Ge(100) wafers with low (∼ 1016 cm−3) carrier concen-
tration were used as substrates. The GeSn layer is in-situ
doped by adding B2H6 to the Ge2H6 and SnCl4 precursors
with a Boron target concentration of 3× 1018 cm−3. This
target value is experimentally confirmed by secondary ion
mass spectroscopy (SIMS) measurements and, although
B activation has not been measured on this specific sam-
ple, 100% B activation has been reported for similar GeSn
layers[15]. According to (224) reciprocal space mappings
(RSM) obtained from X-ray diffraction (XRD) measure-
ments, the GeSn strain relaxation level is 43%. From the
in-plane and out-of-plane lattice parameters measured by
(224)RSM XRD, using a corrected Vegard’s law, the sub-
stitional Sn content in these layers is determined to be
5.8%[17]. Al contacts with a thickness of 100 nm have
subsequently been deposited.
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An Agilent 4156 Semiconductor Parameter Analyzer, a
Keithley 2400 Source Meter and an HP4192A LF Impedance
Analyzer were used for the measurements of these diodes.
For the frequency measurements, bias oscillation with a
50 mV amplitude has been applied. Measurements as a
function of diode temperature have been performed us-
ing a liquid nitrogen cryostat. The temperature variation
is based on positioning the sample above a Dewar bottle
filled with liquid nitrogen. The resulting vertical gradient
of temperature between the temperature of liquid nitro-
gen (77 K) and room temperature allows to access a wide
range of temperatures through computer-controlled feed-
back and positioning of the sample with a precision of 0.1
K.
2.2. Numerical simulations
A home-built numerical tool based on the numerical
solution of the basic semiconductor equations has subse-
quently been used to model the diode structure[18, 19].
These are applied to a unidimensional structure compris-
ing one or several semiconducting layers sandwiched be-
tween two metallic electrodes. Therefore, all quantities
depend only on one spatial variable x. Defects states, act-
ing as traps with a specific energy within the band gap and
a total concentration Nt which can be varied along the x
position, have been considered.
The physics of the junction is governed by the classical
equations for the electrostatic potential Ψ, the electron
and hole concentrations n and p, and the concentrations





Ψ = −q(p− n+ND −NA + Ct), (1)
where ND and NA are the shallow donor and acceptor con-
centrations, which are assumed to be fully ionized, and Ct
is the trap charge concentration. Ct equals −nt for accep-
tor states and equals (Nt − nt) for donor states, q is the
electronic charge. The continuity equations for electrons,















Jp −Rbb −Rpt, (3)
∂nt
∂t
= Rnt −Rpt. (4)
In these equations, Jn and Jp are the electron and hole
current densities. They are given by the sum of a drift
and a diffusion term, i.e.
Jn = qnµnE + qDn∇n, (5)
where E is the electric field, µn is the electron mobility and
Dn is the diffusion constant. Einstein relations between µn
and Dn are assumed. A similar expression holds for the
hole current density Jp.
The Rbb term accounts for direct band to band recom-
bination processes and Rnt and Rpt are, respectively, the
total electron transition rates from the conduction band to
trap states and from trap states to the valence band[20].
Each defect level is supposed to interact independently
with the valence band and the conduction band. The in-
teraction between trap states is neglected. Complemen-
tary details on the numerical procedure can be found in
Refs.[18–23].
The system is solved under steady-state conditions first,
corresponding to the application of a dc bias to the diodes.
Starting from this steady-state solution, resolution under
small-signal regime is subsequently performed, analogous
to applying a small ac bias. We obtain, as results of
the simulations, microscopic quantities such as the spa-
tial distribution of carrier concentrations, electric potential
and electric field and electron and hole current densities.
Macroscopic quantities like the total steady-state current
across the structure, the small-signal conductance G and
capacitance C (calculated from the complex admittance
Y = J˜/V˜ ), are also obtained for various sets of physical
parameters, e.g. the dopant concentrations and band-gap
energies of the materials. Simulations therefore allow us
to observe the effect of the variation of physical parame-
ters on those quantities and give an interpretation of the
experimental measurements by establishing physical links
between the macroscopic and microscopic quantities.
Calculations have first been performed using estimated
values of the carrier concentrations, band-gap energy and
defect densities. Band-gap energies of 0.67 eV and 0.58
eV have been used for the Ge substrate and GeSn layer,
respectively[24]. These parameter values have subsequently
been modified in order to match the measurements within
a feedback process between experiment and simulations.
3. Results and discussion
3.1. Room-temperature current-voltage characteristics
In order to assess the presence of traps in the electri-
cal properties of the diodes, we have first investigated the
current-voltage (I-V) characteristics at room temperature
and in the forward-bias regime (Fig. 1 (a)). The ideal-
ity factor n has been extracted from diodes with different
contact diameters. Biases restricted to a range from 0V
up to 0.25V have been used, in order to avoid the effect of
the series resistance of the Ge substrate, which becomes
prominent for higher biases. Values of n comprised be-
tween 1.2 and 1.3 are obtained, depending on the contact
diameter of the diode. The larger value is associated to the
diode with the larger contact diameter of 600 µm, whereas
all other diameters between 120 µm and 300 µm result in
a value of n between 1.2 and 1.22. As the total current
across the structure is the highest for this larger diameter,
current limitation due to the high resistivity of the 450 µm
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Figure 1: (a) Room-temperature, experimental and simulated, I-V curves of the p-GeSn/n-Ge diodes (for three different GeSn bandgap
energies : 0.56 eV, 0.58 eV and 0.6 eV). (b) Experimental forward I-V curves for temperatures between 280 K and 210 K.
thick weakly doped substrate could explain the observed
difference in the resulting ideality factor. In order to avoid
this occurrence, the bias range within which the ideality
factor was extracted is such that the value of the coeffi-
cient of determination R2 of the linear fit is kept above
0.99. However, a slight difference in the slope of the linear
fit for this larger contact area, due to the onset of current
limitation, though not sufficient to degrade the R2 value,
could lead to the observed difference of n values as com-
pared with the other diameters. Overall, the mean value
of 1.2 for the ideality factor therefore is a clear indication
of a close-to-ideal diode.
Nevertheless, as an ideality factor n greater than unity
is expected to indicate the presence of recombination pro-
cesses in the diodes, simulations including Shockley-Read-
Hall (SRH) traps in the GeSn layer have therefore been
considered. These traps are expected to account for the
presence of defects in the crystalline structure of the semi-
conducting materials.
The effect of traps, as well as that of a change in
the value of the GeSn layer band-gap, can be observed
in Fig. 2, where the ideality factor obtained from sim-
ulations is shown as a function of trap concentration for
various GeSn band-gap energies. The ideality factor in-
creases with the trap concentration, as expected from their
role as recombination centers in the depletion region. For
a given trap concentration, the ideality factor increases
when the GeSn band-gap decreases. This behaviour can
also be explained by the improved recombinations due to
the smaller energy separation between the conduction and
valence bands. As the bandgap energy of the GeSn epilayer
is supposed to be around 0.58 eV for the Sn concentration
of these diodes[25], the calculated ideality factor close to
1.2 would correspond to trap concentrations in the GeSn
layer comprised between 5×1017 cm−3 and 2×1018 cm−3.
The I-V characteristics measured at room temperature
show a ratio of 104 between the current a +1V and −1V
bias. Simulations of the current across a similar struc-
ture as the experimental one (see Fig. 1) show a match-
ing behaviour in the forward bias regime. In reverse bias,
though, the measured reverse saturation current increases
much faster than in the simulations with the initial set of
parameters. Variation of the GeSn band-gap energy, which
is related to the Sn concentration, shows that the reverse
saturation current increases when the band-gap decreases
(i.e. the Sn concentration increases). This can be linked
to the intrinsic carrier concentration ni that increases ex-
ponentially when the band-gap energy decreases. Even
though the simulated reverse saturation current increases
when the band-gap energy is lowered, the increase rate as
a function of applied reverse bias remains at best linear,
whereas the growth of the experimental reverse current is
almost exponential. Increasing the trap concentration in
the GeSn layer in the simulations also gives rise to an in-
creased reverse current, but not to the extent observed in
the experimental data.
3.2. Temperature-dependent current-voltage characteristics
In order to further understand the mechanism at the
origin of the observed reverse current, I-V characteristics
as a function of diode temperature have been measured.
Such characteristics allow to determine activation energies
Ea from the reverse saturation current IS . Indeed, IS can
be expressed as being proportional to e(−Ea/kT ), where k
is the Boltzmann constant and T is the absolute temper-
ature. From an Arrhenius plot of IS(T ) as a function of
1/kT , the activation energy Ea can be extracted[26–28].
This activation energy can be associated to an energy bar-
rier that has to be overcome for the corresponding process
to occur.
From the first linear part at small forward bias of the I-























Figure 2: Ideality factor n from simulations as a function of trap concentration for GeSn band-gap energies between 0.54 eV and 0.62 eV
(values indicated in the inset) and a Ge substrate dopant concentration of 1.5× 1016 cm−3.
IS are extracted at various temperatures[29]. The slope
of the Arrhenius plot of IS as a function of 1/T , shown
in Fig. 3, yields an activation energy comprised between
0.28 eV and 0.30 eV. The linearity of this Arrhenius plot
is relatively good and the measurements are reproducible
within the confidence interval given above.
Simulations of the same Arrhenius plot, initially with-
out considering defects in the structure, yield an activa-
tion energy of 0.6 eV, close to the value of the band-gap
of the GeSn material. Variation of the GeSn band-gap
value in the simulations induces a corresponding variation
of the calculated activation energy, whereas variation of
the bandgap of the Ge layer induces no such variation of
the calculated activation energy, which remains at a value
corresponding to the GeSn band-gap energy. This result
clearly indicates that the activation energy is indeed linked
to the band-gap of GeSn.
Adding traps into the simulations shows no difference
in the obtained activation energy when these traps are lo-
cated in the GeSn layer. When these traps are located
in the Ge layer, though, the obtained activation energy
is closer to 0.3 eV. Traps extending over a few tens of
nanometers from the GeSn/Ge interface into the Ge layer
have therefore been considered. With a concentration of
traps of 2×1017 cm−3 extending up to 50 nm inside the Ge
layer, the simulated Arrhenius plot then yields an activa-
tion energy that is similar to the experimentally extracted
value (Fig. 3). Various energy positions of the traps within
the band-gap have been tested, and traps located between
200 meV and 250 meV above the valence band give activa-
tion energies closest to the experimental activation energy.
Given the small extent of the traps and their concentra-
tion that is higher than the Ge carrier concentration, these
traps should therefore be interpreted as interface states at
the GeSn/ Ge interface. These could also originate from
the intermixing of GeSn and Ge, resulting in Sn-vacancy
deep levels, which are expected to have an energy 190 meV
above the valence band[30].
One should note, however, that the value of the re-
verse current extracted from the linear part of the forward
regime is located in the low range of the reverse currents
experimentally observed. For the I-V characteristics at 280
K, for instance, the extracted value IS is 1.9×10−3 A cm−2
and at 250 K, IS is 3.7×10−4 A cm−2, whereas the values
of the reverse current increase to 0.1 A cm−2 at 280 K and
4 × 10−2 A cm−2 at 250 K and −1 V, respectively. This
suggests that the extracted activation energy of 0.3 eV is
not the only mechanism leading to the measured total re-
verse current. Because of the strong bias dependence of the
total reverse current, effects such as trap-assisted tunnel-
ing or even band-to-band tunneling can be expected[31].
Furthermore, the ideality factor has been calculated as
a function of temperature and increases when the temper-
ature decreases. The ideality factor is n = 1.4 at 280 K
and n = 2.8 at 140 K, and is larger than n = 2 for temper-
atures lower than 180 K. This indicates that the current is
not limited by drift and diffusion or by recombination in
the depletion region anymore, and would tend to confirm
that other processes do occur in the reverse-bias regime.
These processes are not included in our numerical model,
but several suggestions have been made as to the origin of
such large ideality factors, pointing again to effects such as
trap-assisted tunneling or field-enhanced recombinations
through isolated point defects[32].
3.3. Capacitance-voltage characteristics
Capacitance-voltage (C-V) measurements have been per-
formed at various frequencies. Figure 4 (a) shows the re-
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Figure 3: Extracted reverse saturation current as a function of the reciprocal temperature : experiment and simulations without defects and
with defects extending 50 nm inside the Ge layer.
verse C-V characteristics measured at three different fre-
quencies. A weak frequency dispersion is observed, indi-
cating that the traps present at the GeSn/Ge interface do
not have a strong influence on the frequency characteris-
tics. This is consistent with the fact that, when present
in a narrow region near the interface, the contribution of
these traps to the total capacitance is very limited with
respect to the depletion capacitance and, therefore, does
not alter the general behaviour of the capacitance as a
function of applied bias.
A 1/C2 analysis has been performed and shows a very
linear behaviour, as is expected from a high-quality uniformly-
doped material. Extraction of the active dopant concen-
tration from the slopes of the 1/C2 plots yields values
ranging from 1.4× 1016 cm−3 to 2.4× 1016 cm−3. As this
analysis gives access to the lowest concentration of active
dopants in an asymmetric junction, the calculated value is
therefore associated to the carrier concentration of the Ge
substrate.
As shown in Fig. 4 (b), the behaviour of the simulated
C-V curves is similar to that of the experimental observa-
tions. The simulated values have been corrected to match
the built-in potential of the experimental structure. This
means that the quadratic behaviour of both measurements
and simulations is identical for similar carrier concentra-
tions, and so is the slope of 1/C2. Only the x-intercept is
different from the experimental data. In the simulations,
the addition of traps in the GeSn layer does not alter the
slope of 1/C2. Only when a high concentration of traps,
2 × 1018 cm−3, is included in the Ge layer near the in-
terface, does the slope begins to be significantly modified
(Fig. 4 (b)).
In the simulations, the microscopic carrier concentra-
tion can also be observed as a function of position. The
depletion width is controlled by the applied bias and ex-
tends mostly in the Ge substrate, as expected from the
much lower doping of the Ge substrate. When a larger re-
verse bias is applied, the depletion region widens, and does
so mostly on the Ge side of the interface. The total value
of the simulated capacitance is also directly linked to the
width of the depletion region, thereby confirming the pre-
vious 1/C2 analysis to calculate the doping concentration
of the Ge substrate.
Based on the simulated C-V characteristics, we ob-
served that, even though the 1/C2 analysis only gives in-
formation on the doping concentration of the Ge substrate,
the value of the maximum of the capacitance, occuring for
small forward biases, relates to the carrier concentration
of the GeSn layer (Fig. 5 a). The maximum value of the
capacitance in forward bias, occuring at different bias val-
ues depending on the GeSn layer carrier concentration, in-
creases linearly with the carrier concentration in the GeSn
layer, as shown in Fig. 5 b.
The rate of increasing is dependent on the modulation
frequency. For carrier concentrations similar to that of
the Ge substrate, the relationship does not hold anymore
(inset of Fig. 5 b), as the maximum capacitance is influ-
enced by carrier concentrations in both materials. Sim-
ulations give access to the amplitude of the local out-of-
phase carrier concentration modulation. Integrating these
amplitudes over the entire structure gives the total net
charge modulation, which can be directly linked to the
small-signal capacitance C = dQ/dV . Our calculations
to determine the maximum charge modulation depending
on the carrier concentration in GeSn confirmed the link







































2 × 1016 cm−3
1.5 × 1016 cm−3
no defects
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defects
Figure 4: (a) Frequency dispersion of the reverse-bias C-V characteristics for a 300 µm diameter diode (b) Comparison of the experimental
1/C2 for 150 µm diameter (circles) and 300 µm diameter (squares) and the simulated 1/C2 reverse-bias capacitance for two values of the
carrier concentrations in the Ge layer with or without the presence of traps at the interface.





















































2 × 1017 cm−3
1 × 1017 cm−3
5 × 1016 cm−3
Figure 5: (a) Capacitance as function of the applied bias for carrier concentrations from 5×1016 cm−3 to 2×1017 cm−3 in the GeSn layer and
a 1 MHz frequency. (b) Maximum forward capacitance as a function of dopant concentration in the GeSn layer. Inset shows a magnification
of the region of low concentration.
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4. Conclusion
Diodes consisting of the p-GeSn/n-Ge heterojunction
with 5.8% Sn concentration and high Boron doping of the
GeSn layer have been investigated. The measured elec-
trical characteristics reveal good-quality diodes, with lit-
tle effect of the presence of traps in the structure. An
ideality factor at room temperature of 1.2 indicates lim-
ited recombinations occuring in the diodes, even though
an activation energy of approximately 0.3 eV is reported,
indicating the presence of recombination centers in the
space charge region. Strong bias-dependence of the reverse
current denotes a field-enhanced mechanism such as trap-
assisted tunneling or even band-to-band tunneling. The
carrier concentration in the Ge layer was determined by
C-V measurements while simulations show a link between
the maximum of the capacitance at small forward bias and
the dopant concentration in the GeSn layer.
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